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Abstract 
The switching field width (SFW) in bit-patterned media is one of the important factors affecting the recording performance. The 
origin of SFW in Co80Pt20 magnetic dot array patterned by electron beam lithography was investigated. The SFWs of dot arrays 
with a dot size of 29 nm and period of 40 ~ 100 nm were measured from element-specific magnetic hysteresis curve based on x-
ray magnetic circular dichroism. The experimentally obtained SFWs suggested that the intrinsic SFW caused by the distribution 
in structural and magnetic properties of each dot is 1.2 kOe when additional magnetostatic interaction between the dots is 
assumed. Distribution in the dot size was investigated as one of the causes of the intrinsic SFW. However, it was estimated that a 
dot size distribution of 1 nm broadens the SFW by 0.14 kOe which is only about 12 % of the intrinsic SFW. Primary cause of the 
intrinsic SFW should be attributed to others. 
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1. Introduction 
Bit-patterned medium (BPM) is expected as one of next generation perpendicular magnetic recording systems 
that can achieve areal densities beyond 1 Tbit/in2. The switching field width (SFW) of BPM is an important factor 
affecting the recording performance such as write shift margins, thermal stability, write field, and so on. In general, 
SFW is composed of intrinsic and non-intrinsic properties of the dot array. The former comes from distributions in 
the dot shape and magnetic properties. On the hand, the latter comes from the magnetostatic interaction between the 
dots. We have proposed several ideas which reduce the SFW for higher areal dot densities [1, 2]. It is also important 
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to reduce the intrinsic SFW essentially. So far, it has been reported that magnetic dot fabrication based on electron 
beam (EB) directed assembly of block copolymer film yields a narrower SFW than direct e-beam patterning and 
block copolymer alone [3]. However, the origin of the SFW has not been clearly understood yet. In this study, the 
origin of the SFW in Co-Pt magnetic dot array patterned by using EB lithography was investigated. 
2. Experiments 
Co-Pt magnetic dot arrays were prepared by directly milling a continuous film using electron beam (EB) 
lithography. A 13 nm-thick Co80Pt20 continuous film was deposited on Au (6 nm) / Ti (1 nm) underlayer on a silicon 
substrate by magnetron sputtering at room temperature. The coercivity (Hc), the anisotropy field (Hk) and saturation 
magnetization (Ms) of this film were measured using Vibrating Sample Magnetometer (VSM) and Alternative 
Gradient Force Magnetometer (AGFM) to be 230 Oe, 6 kOe and 870 emu/cm3, respectively. The value of c-axis 
distribution (Δθ50) of the continuous film was 5.0 degree from the x-ray diffraction rocking curve analysis. The EB 
writing was done with an acceleration voltage of 50 kV and a beam current of 50 pA. Dot arrays with periods of 40 
~ 100 nm and fixed dot diameter were patterned using a negative resist of calixarene with a thickness of 15 nm. The 
dot arrays were patterned only in a 15 x 15 μm2 area on the continuous film. Magnetic dot arrays were transferred 
through the EB resist mask by using ion milling with energy as low as 200 eV [4].  
A sensitive element-specific hard x-ray micro-magnetometer [5], which is based on x-ray magnetic circular 
dichroism (XMCD), was used to measure the magnetic properties of the dot arrays patterned only in a 15 x 15 μm2 
area. The magnetometer has a spatial resolution of μm order using synchrotron radiation at beamline BL39XU in 
SPring-8. The specimen was placed at center of a pair of electromagnet pole pieces and a maximum magnetic field 
of 12 kOe was applied at normal to the sample surface. Element specific magnetic hysteresis (ESMH) curve was 
obtained by performing the XMCD measurements at the Pt L3 edge (hν=11.56 keV) based on the assumption that 
the XMCD amplitude of Pt is proportional to the total magnetization of the Co-Pt dots. 
The average size and standard deviation of the Co-Pt dots were estimated by analyzing SEM images. 
3. Results and discussion 
Fig. 1 (a) shows a part of the ESMH curve measured at Pt L3 edge for dot array with a diameter of 29 nm and a 
period of 40 nm. Fig. 1 (b) shows switching probability obtained by differential of ESMH curve shown in Fig. 1 (a). 
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Fig. 1. ESMH curve (a) and switching probability (b) obtained by differential of ESMH curve for CoPt dot array with a dot 
diameter of 29 nm and periods of 40 nm.  
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SFW (σSFW) was obtained as the standard deviation of the fitting Gaussian curve to the switching probability, which 
is shown by a solid line in Fig. 1(b). The σSFW as a function of dot period (p = 40 ~ 100 nm) is shown by solid 
circles in Fig. 2. The σSFW should consist of the intrinsic distribution in the switching field and contribution by 
magnetostatic interaction. As the two independently contribute to SFW, total SFW is estimated as follows:  
2
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where σintrinsic and σmagnetostat are SFWs due to distribution in the intrinsic property of each dot and magnetostatic 
interaction, respectively.  
And σmagnetostat is approximately expressed below, 
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where Hs, Hn, Ms, W, h and P are saturation field, nucleation field, saturation magnetization, dot size, dot height and 
dot period, respectively, when perpendicular component of the magnetostatic field is estimated. It was attempted to 
estimate the contribution of the magnetostatic interaction. In Fig. 2, dashed line represents σmagnetostat calculated from 
equations (2) and (3). The experimental σSFW are much larger than this σmagnetostat. The solid line in Fig. 2 represents 
σSFW calculated with Eq. (1) assuming a fixed value of 1.2 kOe for σintrinsic. This suggested that the SFW due to the 
intrinsic properties of the dots is 1.2 kOe. 
To investigate the origin of the intrinsic contribution to SFW (σintrinsic), distribution in the dot size was estimated 
using SEM image analysis process as shown in Fig.3 [6]. The original SEM image of Fig. 3 (a) was converted to the 
binary image of Fig. 3 (b) with a threshold level of the average value of the brightest and darkest levels. Then, as 
shown in Fig. 3 (c), the outlines were extracted from the binary image. Dot sizes were calculated from the areas 
enclosed by the outlines with the assumption that the edge profile of each dot was circle. Fig. 3 (d) shows the 
histogram for the dot size calculated by the above method. The dot size and standard deviation of Co-Pt dots were 
found to be around 29 nm and 1 nm for all dot arrays, respectively. Contribution of the dot size change to the  
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Fig. 2. Dot period dependences of switching field width (SFW). The solid circles are SFW estimated from ESMH curves in 
Fig. 1 The dashed line is the simulation result of the SFW caused by only magnetostatic interaction. The solid line is result 
added 1.2 kOe to the dashed line. 
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Fig. 3. Image analysis process: Original SEM image (a), binary image (b), outlines (c) and histogram for distribution of dot 
sizes (d). 
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Fig. 4 Dot diameter dependence of switching field. 
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switching field was calculated as shown in Fig. 4. The switching field was changed due to the change in the shape 
anisotropy. It was estimated that a dot size distribution of 1 nm broadens the SFW by 0.14 kOe which is only about 
10 % of σintrinsic. Therefore, the shape dispersion could not be the primary cause of the large SFW. The other origin 
of the SFW may be c-axis distribution, Hk distribution in continuous film before ion milling [7, 8], etching damage, 
the distribution of dot shape and edge roughness, and so on. In this case, etching damage seems to be little owing to 
the etching with low-energy ions [9]. To realize higher recording density using BPM, main origin of SFW in dot 
array have to be determined and fed back to the fabrication process of BPM. 
4. Conclusions 
The origin of SFW in dot arrays which is an important factor affecting the recording performance of bit-
patterned media were investigated. The SFWs of dot arrays with dot size of 29 nm and period of 40 ~ 100 nm 
patterned by electron beam lithography were estimated by ESMH curves based on x-ray magnetic circular dichroism. 
These experimentally obtained SFWs suggested an intrinsic SFW of 1.2 kOe. Distribution in the dot size was 
investigated as one of the causes of the intrinsic SFW. It was found that a dot size distribution of 1 nm is estimated 
to broaden the SFW by 0.14 kOe which is only about 12 % of the intrinsic SFW, indicating that the dot size 
distribution is not the primary cause of the intrinsic SFW. Further investigation on the cause of the intrinsic SFW of 
dot arrays is needed. 
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